Abstract. The large natural variability of the Antarctic sea ice is a key characteristic of the system that might be responsible for the small positive trend in sea ice extent observed since 1979. In order to gain insight of the processes responsible for this variability, we have analysed in a control simulation performed with a coupled climate model a positive ice-ocean feedback that amplifies sea ice variations. When sea ice concentration increases in a region, in particular close to the ice edge, the mixed layer depth tends to decrease. This can be caused by a net inflow of ice, and thus of freshwater, that stabilizes the water column. A second stabilizing mechanism at interannual timescales is associated with the downward salt transport due to the seasonal cycle of ice formation: brine is released in winter and mixed over a deep layer while the freshwater flux caused by ice melting is included in a shallow layer, resulting in a net vertical transport of salt. Because of this stronger stratification due to the presence of sea ice, more heat is stored at depth in the ocean and the vertical oceanic heat flux is reduced, which contributes to maintaining a higher ice extent. This positive feedback is not associated with a particular spatial pattern. Consequently, the spatial distribution of the trend in ice concentration is largely imposed by the wind changes that can provide the initial perturbation. A positive freshwater flux could alternatively be the initial trigger but the amplitude of the final response of the sea ice extent is finally set up by the amplification related to the ice-ocean feedback. Initial conditions also have an influence as the chance to have a large increase in ice extent is higher if starting from a state characterized by a low value.
Introduction
In contrast to the Arctic where a strong decrease has been observed, particularly in summer, sea ice extent has slightly increased over the last decades in the Southern Ocean (Comiso and Nishio, 2008; Cavalieri and Parkinson, 2012; Parkinson and Cavalieri, 2012) . For the period November 1978-December 2010, satellite observations indicate a significant positive sea ice extent trend of 1.7 × 10 5 ± 2 × 10 4 km 2 per decade . A positive trend is also noticed for every month, with a minimum in February at a value a bit lower than 10 5 km 2 per decade .
The causes of this positive trend in a generally warming world are still debated. The regional distribution of the changes, characterized by a maximum increase in ice extent in the Ross Sea and a decrease in the Bellingshausen Sea , is mainly driven by the winds but their effect on the total ice extent is less clear (e.g. Liu et al., 2004; Lefebvre et al., 2004; Goosse et al., 2009; Holland and Kwok, 2012; Simpkins et al., 2012) . Modifications in the hydrological cycle of the Southern Ocean could contribute to the observed positive trend (e.g. Liu and Curry, 2010; Bintanja et al., 2013) : higher snowfalls induce a higher albedo as well as snow ice formation leading to an increase in ice thickness; larger precipitation rates lead to a lower sea surface salinity, a stronger oceanic stratification, and a reduction in the vertical oceanic heat transport that favours ice formation (e.g. Martinson, 1990; Fichefet and Morales Maqueda, 1999; Marsland and Wolff, 2001) . Enhanced melting of the Antarctic ice sheet, in particular of the ice shelves, also induces a freshwater transport towards the ocean, which could lead to a decrease in surface salinity and an increase in sea ice extent in a similar way as increased precipitation (e.g. Jacobs et al., 2002; Swingedouw et al., 2008; Bintanja et al., 2013; Swart and Fyfe, 2013) .
In response to natural and anthropogenic forcings, climate models simulate a weak decrease of the ice extent over the past decade (e.g. Lefebvre and Goosse, 2008a; Turner et al., 2013; Zunz et al., 2013; Mahlstein et al., 2013) . The disagreement with the observed increase might be due to the misrepresentation in models of some important feedbacks, related for instance to changes in wind patterns or in the freshwater cycle in a warmer world, as well as to the absence of a net meltwater input from the Antarctic ice sheet in the large majority of the global climate models (e.g. Liu and Curry, 2010; Bintanja et al., 2013; Mahlstein et al., 2013; Swart and Fyfe, 2013) . Alternatively, the observed positive trend of sea ice extent might be the manifestation of the large internal variability of the climate system in the Southern Ocean that would overwhelm the effect of the forcing associated with a weak decrease of the ice extent. Unfortunately, time series of observed ice extent are too short in the Southern Ocean to precisely quantify the magnitude of its multidecadal variability. Additionally, a few models display an increase in ice extent when both the response to the forcing and the internal variability of the system are taken into account. A dominant role of the internal variability in the recent changes in sea ice in the Southern Ocean is thus marginally compatible with simulated results, but models have clear biases in their representation of both the mean state and the variability of the sea ice there, making the validity of this hypothesis relatively uncertain (Zunz et al., 2013; Mahlstein et al., 2013; Swart and Fyfe, 2013; Polvani and Smith, 2013) .
Numerous studies have been devoted to the interannual variability of the sea ice in the Southern Ocean, describing in detail the response of the system to the dominant modes of atmospheric variability (e.g. Stössel and Kim, 1998; Timmermann et al., 2002; Liu et al., 2004; Lefebvre et al., 2004; Holland and Raphael, 2006; Zhang, 2007; Yuan and Li, 2008; Simpkins et al., 2012) . The multicentennial variability has also been investigated, focusing on the causes and on the large-scale impact of changes in deep convection and deep water formation in the Southern Ocean (e.g. Mikolajewicz and Maier-Reimer, 1990; Santoso and England, 2008; Martin et al., 2013) . Furthermore, although several recent studies have quantified the simulated internal variability in the framework of analyses of the changes over the last decades (e.g. Zunz et al., 2013; Mahlstein et al., 2013; Swart and Fyfe, 2013; Polvani and Smith, 2013) , only a few analyses have explicitly looked at mechanisms responsible for variability at multidecadal timescales (e.g. Beckmann and Timmermann, 2001; Stöessel and Kim, 2001) .
Our goal here is thus to specifically analyse those mechanisms that could lead to an increase in ice extent similar to the one observed over the last 30 years. We will particularly focus on ice-ocean interactions because of their large role in the Southern Ocean dynamics (e.g. Gordon, 1981; Martinson, 1990; Goosse and Fichefet, 1999; Bitz et al., 2006; Zhang, 2007; Goosse et al., 2009; Kirkman and Bitz, 2010 ). This will be achieved by describing first the dominant processes in a long control simulation (i.e. using constant forcing) performed with a coupled climate model. In a second step, we will determine how those processes contribute to the trend simulated over the last decades in a simulation obtained with the same model constrained to follow the observed changes using data assimilation. The model and the data assimilation technique are briefly presented in Sect. 2. Section 3 is devoted to the analysis of the multidecadal variability of the control simulation. A simple model is used in Sect. 4 to illustrate the potential stabilization of the water column associated with sea ice formation. Section 5 is focussed on the recent changes in the simulation with data assimilation. Finally, conclusions are given in Sect. 6.
Methodology

Model description
The model used here is LOVECLIM (LOch-Vecode-EcbiltCLio-agIsm Model; Goosse et al., 2010) , a coupled climate model of intermediate complexity. Its atmospheric component is ECBilt2 (Opsteegh et al., 1998) , a quasi-geostrophic model with T21 horizontal resolution (corresponding to about 5.6 • by 5.6 • ). CLIO, the ocean component (Goosse and Fichefet, 1999) , is a general circulation model with a horizontal resolution of 3 • by 3 • . A simple vegetation model (VECODE, Brovkin et al., 2002) is also activated in the configuration selected here, at the same resolution as in ECBilt.
LOVECLIM has a coarser resolution than the state-of-theart coupled general circulation models (CGCMs) and has a simplified representation of atmospheric dynamics. Nevertheless, its ocean component is a general circulation model and its sea ice model is nearly identical to LIM2 (Louvainla-Neuve sea-Ice model, version 2, Fichefet and Morales Maqueda, 1997) , which is included in some models (e.g. Hazeleger et al., 2010; Dufresne et al., 2013) used in CMIP5 (Coupled Model Intercomparison Project, Phase 5). It simulates a seasonal cycle of the sea ice extent well in the range of the one of the CGCMs (see Supplement, Fig. S1 ). Furthermore, because of its lower computational requirements, it is possible to make long spin-ups with the model until it reaches an equilibrium and thus to avoid the trouble associated with long-term drift in the Southern Ocean seen in some more sophisticated models (Sen Gupta et al., 2009 Turner et al., 2013) . Finally, the model is well adapted for data assimilation using ensemble techniques and we can thus easily compare long control simulations with experiments reproducing the recent changes thanks to the data constraint (see below).
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www.the-cryosphere.net/8/453/2014/ LOVECLIM is thus an interesting tool to study the natural variability of the ice extent on multidecadal timescales. It is well known that different models can behave quite differently in the Southern Ocean (Sen Gupta et al., 2009; Turner et al., 2013; Zunz et al., 2013; Close and Goosse, 2013) . However, our goal is not to estimate quantitatively the different processes or to evaluate the skill of models in the Southern Ocean but to describe important feedbacks. It is thus easier if we base our analysis on one single model for which all the required diagnostics are available (which is generally not the case in public archives for long control runs). Nevertheless, we should ensure that our conclusions are robust and not model dependent if we want to improve our understanding of the recent changes in ice extent. To do so, the results of LOVECLIM will be briefly compared to the ones from CGCMs when discussing the trend over the last 30 years.
Data assimilation method
The data assimilation method is based on a particle filter (e.g. van Leeuwen, 2009 ) using the implementation described in Dubinkina et al. (2011) and Dubinkina and Goosse (2013) . Ninety-six members (called "particles") are propagated in time by the climate model, starting from an ensemble initialized in the year 1850. A nudging term is included to bring the surface temperature in ice free areas close to the observed one (Brohan et al., 2006) , using a restoring timescale equivalent to 20 days for a depth of 50 m. Every 3 months, the likelihood of each particle is then estimated as a function of the difference between the simulated temperatures and the HadCRUT3 surface air temperatures over the domain 30 • -90 • S (Brohan et al., 2006) , taking into account the information already brought by the nudging, as explained in Dubinkina and . The particles are then resampled according to their likelihood, i.e. to their ability to reproduce the signal derived from the observations. The particles with low likelihood are stopped, while the particles with a high likelihood are copied a number of times proportional to their likelihood in order to keep the total number of particles constant throughout the period covered by the simulations. A small noise is added to each copy to obtain different time developments for the following period. The entire procedure is repeated sequentially until the end of the period of interest.
3 Mechanism leading to large 30 year trends in sea ice extent in a control experiment
Changes observed during the periods of large increase in sea ice extent
A 5000 year simulation has been performed with LOVE-CLIM, using constant forcing corresponding to pre-industrial conditions. The last 1000 years of this experiment display a stable climate with, for instance, a trend of the global mean depth-integrated ocean temperature smaller than 0.01 • C per century, i.e. of the same order as the internal variability of this variable in the model. This period is analysed in order to describe the internal processes that can lead to a multidecadal trend in ice extent in LOVECLIM. To do so, we have identified in those 1000 simulated years 11 periods for which the ice extent is increasing at a rate of at least 10 5 km 2 per decade for each calendar month, during a minimum of 30 years ( Fig. 1 ). This value has been selected as it roughly corresponds to the increase observed over the period 1979-2010 analysed by Cavalieri and Parkinson (2012) . Those 11 periods are scattered during the millennium analysed with, for instance, four of them in the first 150 years and none between years 300 and 500. They also have different characteristics as some display a relatively steady increase while the others have a much more variable time development. As expected, during the periods of large positive trends in ice extent, on average, ice concentration tends to increase in all the sectors of the Southern Ocean (Fig. 2a) . This corresponds to a cooling of the air near the surface that reaches more than 1 K in annual mean close to the ice edge (Fig. 2b ) and a decrease in the heat content of the surface layer defined here as the top 100 m of the water column (Fig. 2c) . The strong link between those variables is confirmed by the high correlation (−0.71) between the spatial distribution of the trend of ice concentration and heat content displayed in Fig. 2a and c ( Table 1 ). The ice also tends to become thicker, on average, during those periods in the majority of the regions (Fig. 2d) ), h) sea surface salinity, i) total precipitation (cm year -1 ), j) snow precipitation (cm year -1 water equivalent), k) net sea ice production (production minus melting) (cm year -1 water equivalent), l) geopotential height at 800 hpa (m). The hatched areas represent the regions for which the average trend over the 11 periods is not significantly different at the 95% level from the mean trend in periods of identical length but not showing a large increase in ice extent. Despite the cooling of the air near the surface, the vertical oceanic heat flux at the surface (i.e. the upward flux at the ocean-atmosphere or ocean-ice interface, Fig. 2e ) strongly decreases in ice covered regions, with changes of more than 15 W m −2 in annual mean. The spatial correlation between the trend in ice concentration and in heat flux at the ocean surface reaches −0.72. Additionally, off the ice edge, where the insulating barrier associated with sea ice is not present, the oceanic heat losses increase. The presence of sea ice, which limits the exchanges between the ocean and the cold atmosphere, is not the only cause of the different behaviour between ice-covered and ice free regions. The depth reached by convection is also contrasted between those regions. On the one hand, the mixed layer becomes deeper in some icefree areas such as around 135 • W because of the surface cooling that induces higher surface densities. On the other hand, it becomes generally shallower at higher latitudes, particularly in the Pacific sector where the largest changes in ice concentration are found on average (Fig. 2f) . Consequently, the entrainment of the relatively warm water at depth into the mixed layer decreases at high latitudes, the heat content of the water column below 100 m (a depth which is close to the mean simulated winter mixed layer depth in the open ocean) becomes higher ( Fig. 2g ) and the vertical oceanic heat flux is reduced, contributing to maintaining the ice at the surface. The spatial correlation between the trend of heat content at depth and the one of ice concentration is lower than between ice concentration and some other surface variables, as temperature in intermediate layers is influenced by many processes, but it still reaches 0.42 on average.
The increase in the ice extent and the decrease in the depth reached by convection are associated with a surface freshening in many ice covered regions, except close to the continent in the Weddell and Ross seas and around 80 • E where the salinity tends to increase (Fig. 2h ). If this salinity decrease is caused by modifications of the fluxes at the ocean surface, it could be one of the origins of the shallower mixed layer because of the decrease in surface density it induces. Alternatively, this reduced salinity could be a consequence of the changes in mixing as the entrainment at the basis of the mixed layer brings relatively salty water masses to the surface layer and any reduction of its intensity ( Fig. 2f) leads to a decrease of the salinity there.
Precipitation slightly decreases in periods of large increase in ice extent (Fig. 2i) , likely because of the general cooling at high latitudes. This would tend to increase the surface salinity and precipitation changes could thus not explain the simulated freshening. This effect is, however, small and not significant in the majority of the regions. Note that, despite this reduction, a larger proportion of precipitation is falling in form of snow in colder conditions. This leads to an increase in snow precipitation in some regions close to the winter ice edge, while in some other areas, such as the Weddell Sea, the decrease in total precipitation implies a decrease in snowfall too (Fig. 2j) . Consequently, the trend in precipitation produces a small negative feedback on the increase in sea ice extent in our experiments as it tends to destabilize the water column. Moreover, snow may contribute to a weak positive feedback in some regions by bringing additional mass to the snow-sea ice system, in particular through snow ice formation (e.g. Fichefet and Morales Maqueda, 1999) .
On average, when the trend in ice extent is positive, the local net ice production integrated over one full year increases inside the pack while it decreases close to the ice edge (Fig. 2k ). This net ice production is the result of local production and local melting. In the seasonal ice zone, as all the ice present during the year melts in summer, any imbalance between those two quantities is due to ice transport convergence or divergence. Therefore, the positive trend in many regions inside the pack is due to the colder air and lower oceanic heat flux that cause less ice melting and more ice formation, resulting in a net northward export of sea ice. Close to the ice edge, it leads to a decrease in the net ice production due to the larger transport towards this region in colder conditions. The correlation between the trend in ice concentration and the one in net ice formation is, however, very close to zero. This is due to the fact that, in some areas, a higher local ice formation leads, as expected at first sight, to a higher ice concentration. In some regions that are already ice covered a higher formation is associated with higher ice thickness but no change in ice concentration. Close to the ice edge, net ice formation is negative (i.e. more melting as ice is mainly present there because of the transport from southern latitudes), while ice concentration increases. Overall, the correlation between the two fields is thus very low.
These changes in local ice formation and melting (and thus in transport) contribute to the decrease in salinity, the shallower mixed layer depth and the reduced vertical heat fluxes close to the ice edge (Fig. 3a) ; and are also responsible for the higher surface salinities in some areas close to the continent. Nevertheless, the spatial distribution of the trends in net ice production, surface salinity and depth reached by convection displays clear differences. At many locations, lower sea surface salinities and a shallower mixed layer are associated with higher net ice production. This leads to a very low correlation between the spatial distribution of the trend in ice production and the depth reached by convection (0.06). More generally, the correlation between the total freshwater flux at the ocean surface (which includes the contribution of ice melting/freezing) and the depth reached by convection is also very low (0.07).
Although the sea ice transport plays an obvious role in the expansion of the pack, the stabilization of the water column in many areas is thus not due to a net inflow of ice that melts locally, leading to a higher annual mean freshwater flux at the ocean surface. This must be attributed to other processes. If sea ice is formed during a particular year, the brine is released in winter when the mixed layer is deep and contributes Correlation between the 30 year trends in ice concentration at each grid point that is ice covered and the trend in several variables at the same location during the periods of large increase in ice extent. The first column represents the correlation applied on the average over the 11 periods while for the second column all the periods are considered individually in the analysis. to the mixed layer deepening. Consequently, the salt input is distributed over a relatively large depth. If the mixed layer depth was constant during the whole year and in the absence of sea ice transport, the sea ice melting in summer will perfectly compensate for this brine release and no net effect on the ocean salinity would be observed in the annual mean. This is not the case as the mixed layer is shallower in summer when sea ice is melting. The freshwater is thus incorporated only in the top layers of the ocean (Fig. 3b) . While in this example the ice melting in summer is identical to the ice formation in winter, resulting in a zero mean freshwater flux, the consequence in the annual mean is a net downward transport of salt. This is ultimately responsible for the deep water formation in the Southern Ocean (e.g. Gordon 1991), a decrease of the potential energy of the water column and a strong stratification in summer that preconditions the water column for reduced mixed layer depths in subsequent seasons. As we consider that this mechanism deserves specific attention, we will further investigate it using a simple model in Sect. 4.
Differences between the mean and the individual periods, focussing on the role of the atmospheric circulation
As a large number of studies have advocated for a dominant role of the atmospheric circulation in the changes in sea ice concentration, it might be surprising that the trend in geopotential height on average for the 11 periods is very low in our simulations and not significant in many regions (Fig. 2l ). This is due to the fact that the spatial patterns of geopotential trends are very different in the 11 periods during which sea ice extent strongly increases (Fig. 4 , see also Figs. S2 and S3). Some are characterized by a decrease in geopotential height at high latitudes, some others by an increase. Nearly all of them present some anomalous low and high pressure systems over the Southern Ocean but the centres of action are located at different longitudes. The spatial distribution of the trend of the other variables analysed in Fig. 2 also displays a clear contrast between the 11 periods investigated but more common characteristics are present compared to the geopotential height, as indicated by the wide area with significant signals for many of them (Fig. 2) . This is illustrated by the trends in ice concentration in Fig. 4 : for all the periods, regions with negative trend coexist with ones of positive trends but the latter are much more widespread. Consequently, the mean of the trend of the geopotential height over the 11 periods is not representative of any of the periods and cannot be dynamically linked with the trend in ice concentration. However, for each of the periods taken individually, many regional changes can be attributed to the atmospheric circulation. We will not go into the details here as the associated processes have already been the subject of many studies. For instance, the 4th selected period is quite similar to the last decades with a decrease of geopotential over Antarctica and in the Pacific sector. This leads to southerly winds in the Ross Sea and higher ice concentration there while the northerly winds in the Bellingshausen Sea cause a decrease of the ice extent in this region (Fig. 4) , as discussed in several analyses devoted to the changes observed since 1979 (e.g. Liu et al., 2004; Lefebvre and Goosse, 2008b; Holland and Kwok, 2012; Simpkins et al., 2012; Parkinson and Cavalieri, 2012) .
Potential influence of the conditions at the beginning of the periods of large increase in ice extent
In addition to the feedbacks related to ice-ocean interactions and to the influence of the winds discussed above, the initial conditions at the beginning of the periods investigated also play a role in the large positive trends simulated by LOVE-CLIM: an increase is more likely if ice extent is initially low, the system coming back to its mean state. Indeed, the sea ice extent is on average 0.28 × 10 6 km 2 lower than the climatological mean of the model at the beginning of the 11 periods and 0.30 × 10 6 km 2 higher than this mean at the end of the periods. This implies that the large positive trends generally bring the system from an anomalous low extent to an anomalous high extent, the mean over the periods being unsurprisingly close to the long-term average of the model (Fig. 1) . Those low sea ice extents are associated with low ice concentrations as expected, particularly in the Southern Pacific and the Weddell Sea (Fig. 5a ), and thus with relatively warm conditions at surface (Fig. 5b) . This higher heat content of the ocean surface layer is then quickly released to the atmosphere when sea ice extent is increasing and the surface cools down (Fig. 2a, b) . Moreover, a lower initial heat content between 100 and 500 m (Fig. 5c ) could contribute to an increase in ice extent as it stabilizes the water column and reduces the amount of heat available to melt sea ice or delay its formation. The signal is, however, not significant at high southern latitudes in our experiments, except in the Pacific sector. The situation for the initial sea surface salinity (Fig. 5d ) is even less clear as two processes are in competition. On the one hand, a more stable column due to a lower sea surface salinity would reduce the vertical mixing, the oceanic heat flux towards the surface and thus favour an increase in ice extent. On the other hand, the reduced ice concentrations described in Fig. 5a are often associated with the deep mixed layer and the transfer of warm and salty deep water to the surface, leading to higher surface salinity. This latter effect seems dominant for surface salinity in the Pacific sector while fresher surface layers and more stable columns are generally found in the other sectors at the beginning of a period of large increase in ice extent.
www 
Model description
Sea ice is formed when the ocean is at its freezing point. This corresponds to the maximum surface density that can be reached for a given salinity in the range that is observed in the Southern Ocean. Any stabilization of the water column at the surface related to the presence of sea ice must therefore be ultimately related to change in salinity. This can be achieved first by a net transport of sea ice to a particular location where it melts, induces a freshwater input at the surface that reduces the salinity, increases the stratification and the stability of the water column. This horizontal transport plays thus a similar role as a positive precipitation minus evaporation (P−E) budget. As mentioned in Sect. 3, stabilization can also be obtained because of purely vertical processes. This can be illustrated by means of a very simple model including three levels in the ocean and a potential ice cover (Fig. 6) . It is based on the same principles as the one developed by Martinson et al. (1981) in their pioneer work devoted to the big Weddell polynya that occurred in [1974] [1975] [1976] . As in this study we assume that the ice occupies the whole surface with a constant ice thickness (no leads) and we neglect the seasonal variations in mixed layer depth except when it reaches the deeper levels; our first level represents thus the top of the ocean that is mixed every year because of the wind stirring effect or because of a destabilization due to the increase in surface density in winter.
The main difference with Martinson et al. (1981) is that we do not focus on deep convection but rather on modest variations of the mixed layer depth. As a consequence, we have introduced an intermediate level that represents the fraction of the water column that can be incorporated or not in the surface layer in winter depending on the conditions (Fig. 6 ). The thickness of this level has then been chosen to be of the same order of magnitude as the variations of the mixed layer depth seen in LOVECLIM during the periods of increase in The Cryosphere, 8, 453-470, 2014 www.the-cryosphere.net/8/453/2014/ ice extent (Fig. 2g) . The bottom level may also be entrained in the surface mixed layer but only when the surface forcing is large. This bottom level exchanges heat and salt with the deeper layers (whose temperature and salinity are T M and S M , respectively) that are never included in the surface mixed layer in our simple model. We have also made additional simplifications compared to Martinson et al. (1981) , to only include the terms necessary for our purpose. We neglect the freshwater flux at the surface associated with precipitation and evaporation to focus on surface fluxes due to ice formation/melting; the heat flux at the atmosphere interface follows a simple sinusoidal law during the year and is independent of sea ice; there is no exchange between the levels except when one level becomes denser that the one below, leading to an instantaneous mixing of those two levels. Consequently, as the intermediate level is separated from the surface and the deep layers where fluxes are applied, its characteristics do not evolve with time unless mixing with other levels occurs.
The equations for the seven model variables -T 1 , T 2 , T int , S 1 , S 2 , and S Int , δ -corresponding to temperature and salinity of the three levels and to ice thickness are
using a simple linear equation of state for ocean density ρ:
The surface forcing Q surf is given by
If the ocean is ice free, the flux at the surface of the ocean, F surf is
otherwise it is
The meaning of the parameters as well as the values selected in the standard experiment are given in Table 2 .
Simulations with the three-level model
When starting from a weakly stratified ocean at t = 0 (
, the density of the top level becomes higher than the one of the intermediate level the first winter (Fig. 7) . This induces mixing and a vertical heat transfer leading to a small warming of the surface. Despite the winter cooling, the water column is always warmer than the freezing point and no sea ice is formed. In summer, the water column is stratified again because of the warming but the salinity remains homogenous in the top and intermediate levels as no mechanism can restore a significant salinity difference between them. Equilibrium is already reached the second year. The intermediate level keeps a cold temperature all year long and mixes with the top level every winter, when the mixed layer corresponds to the top two levels. The bottom level is always separated from the other ones and has constant characteristics during the whole period of integration. If this equilibrium is perturbed by reducing the heat flux (Q surf ) by 20 W m −2 during one year only to mimic the impact of a brief cold period on the system, ice is formed in winter (Fig. 8) . This leads to an increase in the salinity of the top and intermediate levels because of brine rejection. In the second winter, the surface density is high enough to destabilize and mix the three levels. The exchanges with the bottom level bring salt and heat to the intermediate and top levels, providing a negative feedback as described in detail by Martinson (1990) . When sea ice melts in summer, the surface salinity decreases leading to a strong seasonal stratification. In addition to those seasonal effects, the cycle of ice formation and melting has also longer-term effects on the salinity of the three levels. Firstly, the mixing with the upper levels reduces the salinity of the bottom level but this is compensated for by the exchanges with the deeper ocean. Consequently, the temperature and salinity reach equilibrium at T M and S M , as expected. Secondly, the salinity of the intermediate level increases during the first two years because of two processes: it interacts with the top level in winter only, when the latter is salty and because of the exchanges with the bottom level. Thirdly, for the top level, two effects of opposite signs are acting. As in the intermediate level, the exchanges with the deep level induce an import of salt. Additionally, salt is exported to the intermediate level in winter while the meltwater is included only in the surface level in summer, resulting in a downward salt flux. In our experiment, the net effect is a slight reduction of the surface salinity in the annual mean. More importantly, this contributes to the strong contrast of salinity between the top and intermediate layers and, after a few years, the water column becomes stable with a top layer decoupled from the other two and thus the winter's mixed layer corresponding to the top layer only. layer. As a consequence, the temperature and salinity of the intermediate layer are higher at equilibrium than in the initial condition, ice is formed every winter despite the fact that the surface heat fluxes are identical as in the control case after the first year, and the system never reaches the state observed before the perturbation.
Discussion and limitations of the approach
For the same surface fluxes and deep ocean characteristics, this simple model has thus two types of equilibrium states: one without sea ice and one with a seasonal ice cover, and the system can shift from one to another as a result of a perturbation. When comparing those two states, we note that the presence of sea ice is associated with lower surface salinity, shallower mixed layer depth and warming at intermediate depth without any change in annual mean surface freshwater fluxes. This has clear similarities with the changes obtained in LOVECLIM during the periods of large sea ice extent increase. We should, however, stress again at this stage that the mechanisms described here are only feedbacks in reaction to an initial change. They could not alone explain any long-term trend but could potentially amplify a perturbation, coming for instance from a modification of the winds, in order to sustain large variations of the ice extent as the ones simulated in the control experiment of LOVECLIM. We must also be very careful with such simple systems that can display multiple equilibriums or not, for instance in function of the type of boundary conditions that are imposed (e.g. Mikolajewicz and Maier-Reimer, 1994; Haarsma, 1994, 1996) , or that can be strongly dependant on the parameters and initial conditions used. Furthermore, only one process is included here while additional feedbacks (such as the ones related to the changes in surface fluxes induced by the presence of ice) or the addition of a net surface freshwater flux can modify the existence or the stability properties of the two equilibriums. We do not want, however, to make our model more complex to be more realistic. Thanks to its simplicity, it has allowed us to present an example underlining in a straightforward way the stabilization effect of the downward transport of salt associated with brine release in winter, when the mixed layer is deep, and ice melting in summer, when mixed layer is shallow. This does not mean that we claim that some regions of the real Southern Ocean could have two (or more) equilibriums for present-day conditions, one with a seasonal ice cover or one without ice, or that the sequence of processes illustrated in this very simple model could be observed directly. Nevertheless, it clearly shows the potential relevance of the proposed mechanism to explain some of the characteristics of the variability of the ice extent simulated by LOVECLIM.
Trend over the last decades
On average, the historical simulations performed in the framework of CMIP5 display a decrease of the ice extent over the period 1979-2005 in response to anthropogenic forcing (Turner et al., 2013; Zunz et al., 2013; Mahlstein et al., 2013) . Nevertheless, a few of the individual members show a weak increase (see for instance Fig. 3 of Zunz et al., 2013) . Although the respective role of the forcing and internal variability has not been assessed for the majority of models, this likely corresponds to cases where the latter is able to overwhelm the forced model response (Zunz et al., 2013; Mahlstein et al., 2013; Polvani and Smith, 2013) . This is consistent with the fact that, for the models providing several members, such an increase is observed in some of the members but not in all of them. In all those simulations, the increase in total ice extent is associated with an increase in ice concentration in some sectors of the Southern Ocean and a decrease in other regions (Fig. 9) . Furthermore, the spatial distribution of the sea ice concentration trends strongly varies from one model to another and even between different simulations performed with the same model. This is in agreement with the hypothesis deduced from LOVECLIM results (see Fig. 4 ) that a positive trend in ice extent could be obtained from very different spatial patterns.
Thanks to data assimilation, LOVECLIM can be constrained to follow the observed changes over the last decades, but the constraint is relatively weak using the technique applied here as it comes only from surface temperature data which are very sparse at high latitudes (HadCRUT3 data set,
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Figure 8. a) Temperature (°C), b) salinity, and c) sea ice thickness (m) in the three-level m response to a reduction of the surface heat flux during the first year. The value of the top le blue, the intermediate level is in green, and the bottom one is in red. Because of the pertu strong sea ice formation initially destabilizes the water column but the downward transpor out of the top level finally leads to a stable water column during all the seasons after 7 years. The name of the model (Table 3 ) and the corresponding member of the ensemble (if several members are available in CMIP5 archive) are mentioned on the top of each panel. (Table 3 ) and the corresponding member of the ensemble (if several members are available in CMIP5 archive) are mentioned on the top of each panel. ), e) sea surface salinity, f) geopotential height at 800 hpa (m). Brohan et al., 2006) . This has the advantage to introduce limited perturbations in the model dynamics (e.g. Dubinkina et al., 2011; Dubinkina and Goosse, 2013) and to provide estimates over the 20th century that are as homogenous as possible (Goosse et al., 2009) . In comparison, the atmospheric reanalyses often have shifts in the late 1970s associated with the introduction of satellite measurements in the set of assimilated data, which leads to spurious long-term trends (Kistler et al., 2001; Fichefet et al., 2003; Marshall, 2003) . Nevertheless, because of this weak constraint and because of the low resolution of LOVECLIM, we do not expect to simulate the details of the observed trends. Even sea ice-ocean models driven by the best estimates of atmospheric forcing have trouble in reproducing the sea ice variability in the Southern Ocean over the last decades (Fichefet et al., 2003; Zhang, 2007; Massonnet et al., 2011) . We are, however, able to simulate a large decrease of the ice concentration in the Bellingshausen Sea and in the western Weddell Sea and an increase in the majority of the other sectors in good agreement with observations (Fig. 10a) . The overall trend in ice extent is of −38 ± 93 × 10 3 km 2 per decade over the period . This implies that the ensemble mean of the simulation with data assimilation underestimates the observed increase. The simulated trend in this experiment is still much closer to the observed one than the mean of an ensemble of simulations performed with LOVECLIM without data assimilation (−152 ± 49 × 10 3 km 2 per decade). The disagreement with observations is mainly due to a too widespread decrease of the sea ice concentration in the Pacific sector of the Southern Ocean that expands in parts of the Ross Sea. This is not critical as our main objective is not to examine the details of the spatial distribution of the changes but to focus on the processes studied in Sects. 3 and 4 in order to estimate if they have likely played a role in the recent large-scale changes of the sea ice cover. Nevertheless, those biases will have some implications for our analyses as mentioned below.
As discussed for the periods of large increase in sea ice extent in the control experiment, a decrease in the surface air temperature and in the heat content of the surface layer is noticed in regions where ice concentration is increasing (Fig. 10b) . By contrast, the simulated heat content of the surface layer increases in the eastern Pacific sector and is likely overestimated because of the biases in the simulation in this region. The depth of the mixed layer is generally decreasing where sea ice concentration is increasing such as in the Weddell Sea and between 90 • and 180 • E (Fig. 10c) deeper close to 50 • E where sea ice concentration is decreasing while the link between sea ice and mixed layer depth is less clear in the Pacific sector. As in the control experiment, the oceanic heat content between 100 and 500 m is increasing in the majority of the regions during the period 1979-2009 ( Fig. 10d ) but the magnitude is stronger than in the control experiment (Fig. 2g) . The changes in salinity are also stronger, with a freshening nearly everywhere in the Southern Ocean (Fig. 10e) . As the warming at depth and the surface freshening are also found in the simulations without data assimilation, the forcing contributes partly to those trends in the simulation with data assimilation. The spatial pattern of the changes in sea ice concentration is driven by a general decrease of the geopotential height at high latitudes with maximum changes around 150 • W (Fig. 10f) . This induces an increase in the northward winds in the western part of the Ross Sea and of southward wind anomalies in the Bellingshausen Sea, which causes the decrease in sea ice concentration there. Compared to observations that show maximum trends in geopotential height and surface pressure over the Bellingshausen Sea, the changes obtained in LOVECLIM with data assimilation are thus shifted westward. This explains why the trend in sea ice concentration is negative in parts of the Ross Sea in contrast to observations.
The simulated results over the last 30 years appear thus compatible, at least in some sectors of the Southern Ocean, with a shallower mixed layer and heat storage below the mixed layer which are characteristic of our control experiment during the period of large increase in the ice extent. The last decades also display a clear freshening in our experiments. Long observed time series to test those model results are rare at the high latitudes of the Southern Ocean but, in the Ross Sea, a freshening at all depths over the continental shelf and a warming at intermediate depths (around 300 m) north of it have been observed since the 1970s (Jacobs et al., 2002; Orsi and Wiederwohl, 2009) . At a larger scale, Durack and Wijffels (2010) suggest a freshening at high latitudes in the Ross Sea sector and a salinity increase in the Bellingshausen Sea over the last 50 years. In the Weddell Sea, the temperature of Warm Deep Water (WDW) is characterized by strong decadal fluctuations, probably linked to the variability of the oceanic circulation, but also by a small warming trend (Fahrbach et al., 2011) . Although very fragmentary, those observations are generally consistent with our simulation with data assimilation (except for the simulated salinity decrease in the Bellingshausen Sea) and with the mechanism proposed to explain the natural variability in LOVE-CLIM. This is encouraging but could not be considered as a definitive proof that the stabilization of the water column associated with the presence of ice is playing a dominant role in the recent changes as many causes may trigger a positive ice-ocean feedback leading to a stronger stratification, larger heat storage at depth and lower vertical heat transfer (Fig. 3 ).
The simulation with data assimilation displays a decrease in ice extent between the 1960s and the late 1970s. This is consistent with earlier simulations performed with data assimilation using a simpler technique (Goosse et al., 2009), showing that this result is robust to modifications of our experimental design. The reconstructions are relatively uncertain over this period. Nevertheless, early satellite data suggest that the sea ice extent was larger in 1964 as well as in the early 1970s than after 1979 (Cavalieri et al., 2003; Meier et al., 2013) . Indirect estimates based on whaling records or derived from ice core measurements are subject to larger uncertainties but they also independently suggest a larger ice extent before 1979 (de la Mare, 1977; Curran et al., 2003; Cotté and Guinet, 2007; Abram et al., 2010) . Nevertheless, the sea ice extent in 1979 in the simulation with data assimilation is very close to the mean of the ensemble of simulations without data assimilation. This suggests that the simulated changes after 1979 in the simulation with data assimilation are not associated with the recovery from a low value, a factor that contributes to the ice extent increase in some of the periods studied in the control experiment.
Conclusions
In the simulations we have analysed, the multidecadal variability of the Antarctic sea ice is not associated with a dominant spatial pattern. Each 30 year period characterized by a large increase in sea ice extent in a control simulation performed with LOVECLIM displays positive trend in ice concentration in the majority of the sectors of the Southern Ocean but also negative ones in regions that differ among those periods. This conclusion is also valid for the CGCMs that show a positive trend over the last decades.
Nevertheless, two main conclusions have been derived from our experiments. First, a low initial sea ice extent favours a subsequent large increase since a return to mean conditions would already contribute to this increase. This condition is, however, not required in all the cases analysed. Secondly, a larger mean ice concentration is generally associated with a stabilization of the water column, storage of heat at depth, and a reduction of the vertical oceanic heat flux that tends to further cool the ocean surface. This feedback amplifies the variability of the system and provides the memory required to sustain large multidecadal variations. The stabilization of the water column can be due to a net inflow of sea ice (and thus of freshwater) to a region where it melts in summer, favouring ice formation the following year at the same location. It can also be caused by the downward transport of salt associated with the incorporation of the brine released in winter in a deeper oceanic mixed layer than the meltwater in summer, which potentially modifies the vertical structure of the water column for several years. Compared to an ice free situation, ice formation during a particular year (for instance, because of a large cooling) implies a decrease of the surface The Cryosphere, 8, 453-470, 2014 www.the-cryosphere.net/8/453/2014/ salinity and a salinity increase below the mixed layer in summer, but also on the longer term as illustrated here using a simple model. Parameterizations have been suggested to distribute the salt released during ice formation over a depth range function of the stratification of the water column, a part of the flux being directly included in the whole mixed layer or below it (e.g. Duffy and Caldeira, 1999; Nguyen et al., 2009) . Such a parameterization is not included in LOVECLIM but could amplify the influence of the downward transport of salt on the ocean stratification. The important oceanic feedback has its origin in the low stratification of the Southern Ocean and in the presence of relatively warm water at depth. It has thus different magnitudes in different regions as a function of the vertical structure of the water column. However, it can be active in nearly all the areas at high southern latitudes, explaining why a large variability of the ice concentration can be found nearly everywhere in our experiments. Furthermore, it provides only an amplification mechanism, which must be triggered, meaning that the spatial structure and the ultimate origin of the trend of sea ice extent during a particular period have to be found in other processes. In our experiments, it is mainly governed by the winds (in agreement with what has been observed over the last decades) that bring cold air and transports sea ice, inducing the initial anomaly in sea ice concentration. Additional freshwater fluxes due to higher precipitation rates or the meltwater inflow from ice shelves are not required but they can also be the origin of additional ice formation.
Nevertheless, whatever the original trigger, the amplification of the initial perturbation crucially depends on the modification in the vertical stratification caused by the presence of sea ice. This feedback combines then its effect with others such as the classical temperature-albedo feedback (e.g. Ebert and Curry, 1993; Qu and Hall, 2006; Flanner et al., 2011; Kay et al., 2011) to determine the magnitude of the changes. This dominant role of feedbacks compared to the initial cause of the event may also explain why it appears difficult to attribute the sea ice development observed during a particular period, as for instance the last 30 years, to a specific origin.
It has been demonstrated that ice-ocean interactions can lead to negative feedbacks playing an essential role in the Southern Ocean. At the seasonal timescale, the upward vertical heat transport associated with the mixed layer deepening due to brine rejection in winter strongly limits ice formation and a further mixed layer deepening, stabilizing the system (Martinson, 1990) . In response to a warming, in particular due to anthropogenic forcing, the modification of sea ice freshwater and salt fluxes contributes to heat storage at depth and to a reduction of the upward heat fluxes that moderate the surface changes leading also to a negative feedback (Bitz et al., 2006; Zhang 2007; Kirkman and Bitz, 2010) .
By contrast, on interannual timescales, ice-ocean interactions can lead to positive feedbacks. To illustrate this, we have performed a sensitivity experiment with LOVECLIM in which the ice-ocean salt and freshwater fluxes are following a prescribed seasonal cycle, which is repeated every year, derived from the mean cycle of the control experiment. This implies that all the positive and negative feedbacks related to the interannual variations of the brine release during ice formation and the freshwater input to the ocean surface when ice melts are not operating anymore. As a result, the interannual variability of the sea ice extent is decreasing by nearly 25 %, demonstrating the importance of the positive feedbacks due to those fluxes in the model.
The positive feedback associated with ice formation mentioned here is clearly different from the one implied in deep convection events that may lead to polynya formation or strongly reduced ice concentration (e.g. Martinson et al., 1981; Mikolajewicz and Maier-Reimer, 1990; Stöessel and Kim, 2001; Martin et al., 2013) . During the years following such an event, the vertical stratification remains low and could easily be destroyed in winter, maintaining deep mixing during several years and potentially leading to multidecadal variations of the sea ice extent. In the mechanism illustrated here, the modifications of the mixed layer are much weaker. No major change in the vertical structure is required, only the shape of the pycnocline and the position of its top are modified. Another important difference is that such a deep convection event is possible only in some restricted regions of the Southern Ocean while the downward transport of salt associated with ice formation can occur over a wide domain. Finally, the stabilization of the water column associated with the presence of sea ice is a feedback, it is not the original cause of the variability. By contrast, it has been suggested that the ice-ocean interactions may induce a slow drift of the properties of the water column driving, in combination with other atmospheric and oceanic processes, the shift from a situation without polynya to a polynya mode (e.g. Martin et al., 2013) .
The feedback we have discussed appears robust and provides a reasonable explanation for some important characteristics of the simulations performed with LOVECLIM and CGCMs as well as for the recent changes (although the available observations are not sufficient to demonstrate clearly its importance or to discard it). It is based on sound physical principles and can be described in a simple model. Its exact magnitude is, however, relatively uncertain: it strongly depends on the mean state of the system (in particular the mean seasonal cycle of the mixed layer depth) and on the impact of surface fluxes associated with melting and freezing on vertical mixing. Current models have biases in their representation of those processes. Because of their importance, it is crucial to improve them in order to have a better understanding of the relative contribution of internal variability and of the forced response in the recent changes and thus a higher confidence in the projections for the 21st century. 
